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The Pyrovac vacuum pyrolysis process
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6Typical yields 
(air-dried biomass feed basis)
7Samples
S1- Produced in a Pyrovac demonstration unit with 14 kg/h chips 
flow rate (80% pine + 20% spruce + fir with 10% moisture)
at 475 oC, 105 Pa
S1A- Sample S1 steam activated in flow through reactor at 900 oC
under 53 kPa H2O in N2 (188 ml/min) for 60 min
S1A-O-60- Sample S1A is oxidized in the same reactor under 
164 ml/min air at 105 Pa and 200 oC, 60 min
S1-O-30 and S1-O-60- same mild oxidation of S1 for 30 and 60 
min respectively
8
Nitrogen physisorption isotherms at 77 K
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NLDFT pore size distribution
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Sample SBET (m2/g) Smicro (m2/g) Vt (cm3/g) Vmicro (cm3/g) Dpore (nm) Yielda (%)
1 50 40 0.03 0.022 1.5 25
1A 1025 627 0.77 0.43 3.0 8
1A-O-60 906 575 0.65 0.39 2.9 7.7
1-O-30 56 45 0.033 0.024 1.6 22
1-O-60 65 52 0.04 0.03 1.6 18
aair-dried biomass feed basis
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TEM imagesSEM/EDX images
Sample 1                  Sample    1A Sample 1                  Sample    1A
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Sample Moisture (%) Volatile (%) Fixed carbon (%) Ash (%) Ash yield (%) (V/C)a
1 4.5 22.4 71.9 1.2 0.30 0.31
1A 1.1 2 85.6 11.3 0.90 0.02
1A-O-60 1.4 1.8 85 11.8 0.91 0.02
1-O-30 2.5 30.2 64.5 2.9 0.64 0.47
1-O-60 2.5 40.7 53.3 3.6 0.65 0.76
Proximate analysis from TGA
aVotatile to fixed carbon weight ratio
Elemental analysis (weight%)
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Sample Carbon (%) Hydrogen (%) Oxygen (%) Nitrogen (%) (H/C)a (O/C)a
1 73.3 4.1 22.5 0.1 0.7 0.23
1A 87.2 0.6 11.8 0.4 0.1 0.10
1A-O-60 88.6 0.7 10.4 0.3 0.1 0.09
1-O-30 72.5 3.1 24.2 0.2 0.5 0.25
1-O-60 71.6 3.0 25.1 0.3 0.5 0.26
aatomic ratio
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FTIR spectra of (a) Samples 1, 1-O-30, 1-O-60;(b) Samples 1A, 1A-O-60
Boehm titration
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Sample
Total acidic
(mmol/g)
Carboxylic
(mmol/g)
Lactonic
(mmol/g)
Phenolic
(mmol/g)
Total acidic
(µmol/m2)
pH
1 2.2 0.4 0.8 1 44 6.6
1A 1.4 0.2 0.8 0.4 1.4 10.3
1A-O-60 1.4 0.2 0.8 0.4 1.5 9.6
1-O-30 4.9 2 2.6 0.3 87.5 5.6
1-O-60 6.8 4.2 1.4 1.2 104.6 4.9
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1A-O-60
1A
1
1-O-30
1-O-60
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C 1s XPS photolines of samples: (a) 1, (b) 1-O-30, (c) 1-O-60, (d) 1A, (e) 1-A-O-60 
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Sample
BE (eV) Area (%)
XPS (O/C)
atomic ratioPeak 1
C=O
Peak 2
C-OH & C-O-C
Peak 3
Peak 1
C=O
Peak 2
C-OH & C-O-C
Peak 3
1 531.7 ± 0.1 533.4 ± 0.1 535.9 ± 0.1 37 63 ND 0.144
1A 531.7 ± 0.1 533.4 ± 0.1 535.9 ± 0.1 45 50 5 0.020
1A-O-60 531.7 ± 0.1 533.4 ± 0.1 535.9 ± 0.1 45 50 5 0.018
1-O-30 531.7 ± 0.1 533.4 ± 0.1 535.9 ± 0.1 50 50 ND 0.245
1-O-60 531.7 ± 0.1 533.4 ± 0.1 535.9 ± 0.1 48 52 ND 0.275
O 1s XPS data
19
Comparison of surface and bulk O/C atomic ratio
20
Conclusions
 A very mild oxidation process is sufficient to impart
the biochar with a significant concentration of
oxygenated surface functional groups.
 The nature of these functional groups is also affected
with a decrease in the fraction of Boehm hidden
oxygens
 Steam activation makes the surface inactive and 
this cannot be reversed by the mild air oxidation
treatment
